demonstrate that, in most cases, only a fraction of RNAP ously, with periods of rapid nucleotide addition puncmolecules pause at any given DNA sequence. Thus, a tuated by frequent pauses. We investigated the mechpause is characterized by two empirical parameters: the anism of transcription by measuring the effect of both efficiency (equivalently, the pause probability or frehindering and assisting forces on the translocation of quency) and the lifetime (equivalently, the pause durasingle Escherichia coli transcription elongation comtion or half-life). The observation that pause efficiency plexes, using an optical trapping apparatus that allows is generally less than 100% is consistent with a branched for the detection of pauses as short as one second.
NTP-entry channel
. was maintained on RNAP by moving the stage to compensate for motion of the enzyme along the DNA. Using Backtracked TECs maintain the register between the DNA and RNA strands, but are catalytically incompetent this technique, transcription can be measured with high resolution over long distances at a single, well-defined because the 3Ј end of the RNA is displaced from the active site. Backtracking may also be responsible for force. In other records, the force was varied dynamically on individual molecules, either to prevent further motion the comparatively large-scale motion ‫9-8ف(‬ bp) of RNAP relative to DNA inferred from the stalling behavior of of the enzyme (position-clamp mode) or to subject the enzyme to a linearly increasing force (force-ramp mode). single TECs under applied loads (Wang et al., 1998 ). In such stalling experiments, increasing tension is applied
The movement of RNAP was frequently punctuated by pauses of variable duration ( Figure 1B) . To measure between the RNAP and the downstream DNA end, which destabilizes the catalytically active form of the TEC relathe pausing kinetics of single molecules, individual traces were smoothed to reduce noise from Brownian tive to the backtracked form.
One proposal is that a short (e.g., single nucleotide), motion and then differentiated to obtain the instantaneous velocity ( Figure Figure 2B ). The global average run velocity was 9.7 Ϯ 4.8 bp/s (mean Ϯ SD) at Results 1 mM NTPs (21 Ϯ 0.5ЊC). The distribution is broad, confirming the heterogeneity in transcription rates among RNAP Molecules Alternate between Constantmolecules.
Velocity Transcription and Pausing
The single-molecule optical trapping experiment is illustrated in Figure 1A . Stalled TECs were specifically Translocation Step Is Not Rate Limiting at Low Load attached to avidin-coated polystyrene beads. The upstream end (for assisting force) or downstream end (for The relationship between force and velocity was determined by dynamically varying the load applied to single hindering force) of the template DNA was attached to the surface of a flow cell by means of an antibody linkage.
molecules. The remarkable flatness of the force-velocity (F-v) curve implies that reaction steps involving transloTranscription was then restarted by perfusing the flow cell with 1 mM NTPs. The tethered bead was then cation are not rate-determining below ‫42ف‬ pN ( Figure  3 ). The steep decrease in velocity near stall is consistent trapped, and the attachment point of the tether to the surface was determined . Transcripwith the entry into stall being accompanied by a comparatively large displacement of the bead attachment point tional elongation was measured in one of three different instrument modes. The majority of the records was reon the enzyme relative to the DNA. The data can be fit by a simple Boltzmann-type model involving a transition corded in a force-clamp mode, in which a constant force We propose instead that ubiquitous pausing represents a conformational change in RNAP leading to a short-lived, catalytically deficient state. This rearrangement could correspond to a shift in position relative to the catalytic center of the 3Ј end of the RNA, of key residues of the ␤ or ␤Ј subunits, of the catalytic metal ions, of specific bases in the template DNA strand, or some combination of these components. However, the sum of motions associated with the proposed rearrangement must be small and cannot lead to a displacement of the DNA relative to the C terminus of the ␤Ј subunit of RNAP by a distance Ͼ1 Å (Figure 6 ). Evidence exists for a number of mechanical transitions that potentially satisfy these requirements. First, crosslinking studies reveal that when RNAP is initially halted at an arrest site, the RNA 3Ј end is displaced by at least 15 Å from the active site (Markovtsov et al., 1996) . This "fraying" of the RNA from the DNA template may prevent the correct alignment of incoming NTPs (Artsimovitch and Landick, 2000). Second, different crystal structures show the so-called "bridge helix" of the ␤ subunit in either a straight, or a "kinked," conformation (Gnatt et vary with NTP concentration. In another study, the halflife of a hairpin-stabilized pause (his) was shown to deHowever, given the observed pause times and translocation speeds measured, this mechanism would require crease from 47 s to ‫3ف‬ s upon addition of antisense oligonucleotides that prevent hairpin formation (Artsithe active site to move a sizable distance (many nm) relative to the C terminus of the ␤Ј subunit, i.e., the point movitch and . This finding suggests that the short-lived unactivated intermediate (3 s) persists of attachment to the bead. Given the proximity of the C terminus to the active site and the large number of proeven after disruption of the long-lived pause signal (Figure 7) . tein contacts between these regions (Zhang et al., 1999) , any large-scale flexure seems difficult to reconcile with It is tempting to speculate that ubiquitous pauses reflect the unactivated intermediate state. Consistent the known structure, and therefore unlikely. Furthermore, if pauses reflected such a nonmonotonic motion with this, we measured an average rate of entry into ., 2000;  Wuite et al., 2000) . Further investigation, both biochemically and at the single-molecule limit, will be required to determine the origin and possible biological relevance of such heterogeneity. However, our central conclusion, that ubiquitous pauses are unaffected by load, holds regardless of the specific source of velocity heterogeneity.
Force-Velocity Relationship
Force-velocity measurements demonstrate that translocation by RNAP can be halted only by large hindering forces (Ͼ27 pN). Because ubiquitous pauses are not affected by load, we conclude that stalling is a distinct phenomenon mediated by an independent reaction pathway. The ‫9ف‬ bp (3 nm) distance parameter obtained from the single barrier model (Supplemental Data available on Cell website) may correspond to the backtracking of the polymerase along DNA, leading to entry pause (e.g., ops), or the application of load to the nascent RNA to prevent secondary structure formation at a hairpin pause (e.g., his).
Force Clamp Data Collection
After restarting the stalled ternary RNAP complexes, the bead was captured in the optical trap. The location of the surface of the flow Experimental Procedures cell was found by raising the coverslip until the trapped bead contacted it and was moved slightly out of the optical trap in the axial Avidin-Coated Beads direction. As the bead moved through the trap, the intensity of Avidin-coated 500 nm diameter polystyrene beads (Bangs Laborathe scattered light displayed a reproducible peak that was a fixed tories) were prepared as described in Yin et al. (1994) , except that distance from the surface of the coverslip, permitting surface height beads were purified by repeated pelleting and resuspension rather determination to within 10 nm (data not shown). Once this position than gel filtration. Bead concentration was determined by comparing was found, the stage was lowered so that the trapping equilibrium turbidity at 500 nm with a standard curve. 2 kHz by means of a multifunction DAQ board (National Instruments), The transcription template contains 1098 bp of DNA upstream from and boxcar-averaged over 40 points to generate a 50 Hz signal that the T7 A1 promoter, which is followed by 3792 bp of the E. coli rpoB was used to control the motion of the stage. gene in the sense direction. For assisting force experiments, the upstream primer was 5Ј-digoxigenin-labeled (all primers from Operon), whereas for hindering force experiments the downstream Data Analysis primer was digoxigenin-labeled.
Motion of the stage was corrected for the elastic compliance of DNA (Wang et al., 1997) and the displacement of the bead from the Stalled RNAP Ternary Complexes trap center to recover the contour length of the DNA tether as a Transcription elongation complexes stalled at A29 were prepared function of time. Motion of the RNAP along the template was deterand purified as previously described (Yin et al., 1994) , except that mined by subtracting the initial tether length from the computed a biotin-labeled E. coli RNAP derivative, modified by adding residues DNA contour length and converting to bp using a conversion factor of biotin carboxyl carrier protein to the C terminus of the ␤Ј subunit, of 0.338 nm/bp. Precision of the position measurement was limited was used (Tolić -Nørrelykke et al., submitted). Beads were attached largely by the Brownian motion of the bead, which is governed by to the biotin label by incubating 3-fold excess avidin-coated beads the combined stiffnesses of the trap and DNA tether. Uncertainty with the stalled complexes, which ensured that fewer than 5% of in position varied from 10 bp at 5 pN to 4 bp at forces Ͼ35 pN. the beads had multiple complexes, assuming independent binding. Absolute accuracy of the measurements was limited by stage drift. The average drift rate of 0.6 bp/s was low compared with the average Optical Trap transcription rate of ‫01ف‬ bp/s. Over the duration of a lengthy run, The optical trap employed for these experiments has been prehowever, the accumulated error could be as much as 200 bp. There viously described (Wang et al., 1997) . The instrument was enhanced was also an absolute position uncertainty associated with the initial by adding a feedback-equipped, piezoelectric stage (Physik Instrucentering of the tether and the dispersion in bead size ‫,)%01ف(‬ mente), which affords three-dimensional positioning with an accuwhich we estimated as 75 bp. The time-dependent position of the racy and precision on the order of 1 nm. The stage was also incorpo-RNAP molecule along the template was smoothed with a 2 nd order rated into a force-feedback loop, which permitted recording motion Savitzky-Golay filter (Press et al., 1992 ) with a time constant of over many micrometers while maintaining a constant force. The 2.5 s and differentiated to generate the instantaneous velocity. The instrument was run by a custom software suite implemented in velocity distribution is broader than the noise distribution due to LabView (National Instruments).
the stochastic properties of the motion (Schnitzer and Block, 1995 
